A host receptor has not yet been identified for glycerol monomycolate (GroMM), an immunostimulatory lipid of mycobacteria. Results: GroMM recognition occurred in cell transfectants expressing human, but not mouse Mincle. Human Mincle transgenic mice acquired the ability to respond to GroMM. Conclusion: GroMM is a ligand for human Mincle. Significance: The molecular basis underlying the innate immune recognition of GroMM has been elucidated.
functions via its interaction with the dendritic cell-specific intercellular adhesion molecule 3 grabbing nonintegrin (11) (12) (13) . Furthermore, LAM is also captured by CD1b molecules of the human group 1 CD1 family expressed on dendritic cells and is recognized by clonotypic T cell receptors expressed on T cells (14) . Because of the abundant expression of various lipidic compounds with potent immunomodulatory functions, elucidating the molecular basis for their specific interactions with host receptors in more detail is fundamental for our complete understanding of mycobacterial infections.
Glycerol monomycolate (GroMM) has recently been identified as a new CD1b-presented mycobacterial lipid (15) . GroMM-specific, CD1b-restricted T cells have been detected in the circulation of patients with latent, but not active tuberculosis. Although it is currently unclear how GroMM-specific T cells are represented preferentially in latently infected individuals, these T cells may efficiently restrict the growth of pathogenic mycobacteria during the subclinical persistent phases of infection, thereby preventing active disease. Similar to TDM and LAM, GroMM also appears to directly stimulate innate immune cells to produce inflammatory cytokines (16) . Furthermore, a previous study reported that an injection of GroMM liposome into the skin of naïve guinea pigs resulted in local infiltration by inflammatory cells (17) . Nevertheless, host innate immune receptors have not yet been identified for GroMM.
We here demonstrated that GroMM is a ligand for human Mincle. Reporter cell transfectants expressing human Mincle recognized both TDM and GroMM, whereas those expressing mouse Mincle only recognized TDM and failed to recognize GroMM. Consistent with this result, macrophages derived from human Mincle transgenic (Tg) mice, but not those derived from non-Tg mice, responded to GroMM and produced tumor necrosis factor (TNF)-␣. Furthermore, human Mincle Tg mice mounted local inflammatory responses in GroMM-injected skin, and this was not observed in non-Tg mice. Finally, human macrophages produced TNF-␣ in response to GroMM, and the GroMM-specific response was completely blocked by an antibody against human Mincle. These results confirmed that GroMM is a novel mycobacteria-derived ligand for human Mincle, and also emphasized that its recognition occurs differentially in humans and mice.
EXPERIMENTAL PROCEDURES
Chemical Reagents and Lipid Samples-Chemical reagents were purchased from Nacalai Tesque (Kyoto, Japan) unless otherwise indicated. Methods for purifying TDM and GroMM as well as those for producing stearylated octaarginine-containing liposome were described in our previous studies (4, 17, 18) . Synthetic glycerol monobehenate (GroMB) was provided by Kao (Tokyo, Japan).
Human Mincle Tg Mice-Animal experiments were performed according to institutional guidelines on animal welfare and the humane treatment of laboratory animals. A human Mincle genomic DNA fragment composed of 1,482 bp of upstream DNA, exon 1, and intron 1 was amplified by PCR and ligated with a polyadenylation signal-attached cDNA fragment derived from exons 2 through 6. The cloned 3.5 kbp DNA frag-ment was microinjected into fertilized eggs from B57BL/6, and a murine Tg line carrying transgene DNA was established. The human Mincle Tg line was further crossbred with Clec4e Ϫ/Ϫ mice (19) with a homozygous disruption in the mouse Mincle gene. PCR-based genotyping was performed using genomic DNA from mouse tails as a template. To amplify the human Mincle transgene, samples were subjected to PCR amplification with Biotaq DNA polymerase (Bioline, London, UK) for 35 cycles of 30 s at 94°C, 30 s at 64°C, and 1 min at 72°C, followed by 10 min incubation at 72°C. The specific primers used were: 5Ј-CTG GGA TCC CCA TCC TAT TTC TCA GTG C-3Ј (sense) and 5Ј-GCT CCC CTA CAT CCC AGA AGC TCA GAG-3Ј (antisense). To amplify the mouse Mincle gene, PCR amplification was carried out with KOD DNA polymerase (Toyobo, Osaka, Japan) for 35 cycles of 10 s at 98°C, 30 s at 60°C, and 1 min at 68°C. The specific primers used were: 5Ј-CAG AAT GTG GTA CTG AGG CAC A-3Ј (sense) and 5Ј-ACA TAG CCG ACT TGA TCC CAA C-3Ј (antisense). PCR products were resolved on 1% agarose gels and visualized by staining with ethidium bromide and UV transillumination.
Cloning of cDNAs Encoding Mincle Mutants-To generate the ectodomain swap mutants of human and mouse Mincle, cDNA fragments encoding the cytoplasmic (CYT)/transmembrane (TM) domains and those encoding the extracellular (EXT) domains with short stretches of antiparallel DNA sequences at their 3Ј-ends were first obtained by PCR (30 cycles of 10 s at 98°C, 30 s at 60°C, and 1 min at 68°C). Full-length constructs were then obtained by PCR using these fragments as templates (35 cycles of 10 s at 98°C, 30 s at 60°C, and 1 min at 68°C). The primers used were as follows: 5Ј-GCG GTA CCA TGA ATT CAA CCA AAT CGC CTG-3Ј (sense, mouse CYT); 5Ј-GAA AGA TGC GAA ATG TTA CGA CAC ATC TGG-3Ј (antisense, mouse TM); 5Ј-TGT GTC GTA ACA TTT CGC ATC TTT CAA ACC-3Ј (sense, human EXT); 5Ј-GCG TCT AGA TTA AAG AGA TTT TCC TTT GT-3Ј (antisense, human EXT); 5Ј-GGG GTA CCA TGA ATT CAT CTA AAT CAT CTG-3Ј (sense, human CYT); 5Ј-GAG AGC TGC GAT ATG TCA CAA CAC ATC TGG-3Ј (antisense, human TM); 5Ј-TGT GTT GTG ACA TAT CGC AGC TCT CAA ATT-3Ј (sense, mouse EXT); 5Ј-GCG TCT AGA TTA GTC CAG AGG ACT TAT TTC-3Ј (antisense, mouse EXT). These cDNAs were cloned into pEF6, and introduced into NFAT-GFP reporter cells by electroporation. The transfected cells were cultured in the presence of 3 g/ml of blasticidin (InvivoGen, San Diego, CA), and the surface expression of the swap mutants was confirmed by flow cytometry using an anti-mouse Mincle monoclonal antibody (mAb) (clone 4A9, MBL, Nagoya, Japan) and the anti-human Mincle mAb, 1H2, which was generated in our laboratory (see below).
Site-directed mutagenesis was performed by PCR, using codon-modified primers and the full-length construct of mouse wild-type Mincle cDNA in pEF6 as a template. The primer sets used were: 5Ј-ATA GCT ACG CTG GAG GAC TGT GCC ACC ATA-3Ј (sense) and 5Ј-TCC AGC GTA GCT ATA TTG TTG GGC TCC CCA-3Ј (antisense) for amino acid mutations at positions 174 -176; 5Ј-ATG ATG TAA CCT GTT TCT ACA GTA TGC CTT-3Ј (sense) and 5Ј-ACA GGT TAC ATC ATT CCA GTT CTT CCT GGA-3Ј (antisense) for amino acid muta-tions at positions 195-196. PCR amplification was performed with KOD DNA polymerase for 10 cycles of 20 s at 98°C, 30 s at 58°C, and 6.5 min at 68°C. The amplified PCR products were treated with DpnI (Takara, Otsu, Japan) and used for transformation of DH5␣ cells (Toyobo). The introduction of these mutations was confirmed by DNA sequencing.
NFAT-GFP Reporter Assays-Purified lipids (1 mg/ml) in chloroform/methanol (2:1, v/v) were serially diluted with isopropanol and added to the wells of 96-well microtiter plates, followed by evaporation of the solvent. 2B4-NFAT-GFP reporter cells (20) expressing either wild-type or mutated Mincle were incubated in the lipid-coated plates, and after 18 h, the cells were harvested, and propidium iodide was added to gate out dead cells. The cell samples were then analyzed for GFPpositive cells by flow cytometry using a BD FACSCanto II flow cytometer (BD Biosciences, San Jose, CA).
Generation of Anti-human Mincle mAb-An anti-human Mincle mAb was generated using the "rat lymph node method" as described previously (21) . Briefly, female Wistar rats were immunized with an emulsion containing human Mincle-transfected 293T cells and complete Freund's adjuvant (BD Biosciences), and after 3 weeks, lymph node cells were fused with SP2/0 myeloma cells by a standard polyethylene glycol method. Culture supernatants of the hybridoma clones were tested for their reactivity to human Mincle-transfected 293T cells. A mAb clone, termed 1H2, only reacted to Mincle-transfected, but not mock-transfected cells. To assess blocking activity, NFAT-GFP reporter assays were performed in the presence or absence of the serially diluted hybridoma culture supernatants of 1H2 and control clones.
Macrophage Assays-Mouse bone marrow-derived macrophages and human monocyte-derived macrophages were obtained as described previously (7, 22) , except for the use of a recombinant protein (Wako Pure Chemical Industries, Ltd., Osaka, Japan) at 50 ng/ml, instead of culture supernatants, as a source of macrophage colony-stimulating factor. These mouse and human macrophages were harvested and cultured either in lipid-coated plates or in the presence of 100 ng/ml lipopolysaccharide (LPS; Sigma-Aldrich) at a density of 1 ϫ 10 5 cells/well. After a 24-h incubation at 37°C, aliquots of the culture supernatants were collected, and the amount of TNF-␣ released into the medium was measured using mouse and human TNF-␣ ELISA kits (BD Biosciences), respectively. In some experiments, the macrophage cell culture was performed in the presence of 1H2 ascites at a dilution of 1:400.
Skin Reactions-Liposomes containing 20 g of GroMM, as well as an equivalent amount of empty liposomes, were injected to elicit skin reactions in mice. After 2 days, the skin was excised, and skin samples were fixed for 16 h with 4% paraformaldehyde, dehydrated, and embedded in paraffin. The tissue sections were stained with hematoxylin and eosin solution (Merck, Whitehouse Station, NJ) and observed under a microscope. The numbers of lymphocytes, macrophages, neutrophils, eosinophils, and basophils in 10 randomly selected high power fields were counted.
RESULTS

GroMM Was Recognized by Reporter Cell Transfectants
Expressing Human Mincle-Previous studies have demonstrated the ability of GroMM to elicit innate immune responses (16, 17, 23) ; however, none have elucidated the molecular basis for its recognition by the host cells. Alternatively, a crystallographic study of human Mincle revealed the presence of shallow hydrophobic grooves that may potentially interact with a meromycolate chain and its alkyl branch of TDM (24) . Given the partially overlapping structure of TDM and GroMM (Fig.  1A) , we attempted to determine whether GroMM may be recognized by human Mincle. We used a convenient NFAT-GFP reporter assay, that has been used successfully to identify Mincle ligands in previous studies (20, 25, 26) . NFAT-GFP reporter cells transfected with FcR␥ alone or together with human Mincle were stimulated with plate-coated TDM, and the NFAT-dependent activation of cells was monitored by the flow cytometric detection of GFP-positive cells. As shown in Fig. 1B , a dose-dependent increase in the percentage of GFPpositive cells was observed for human Mincle/FcR␥-expressing cells (top panel, indicated with closed circles), whereas the cells expressing FcR␥ alone did not show any reactivity to TDM (indicated with x). We also confirmed that mouse Mincle/ FcR␥-expressing cells (open circles) recognized TDM as efficiently as human Mincle/FcR␥-expressing cells.
The responses of these cell transfectants to plate-coated GroMM were also assessed to establish whether Mincle could recognize GroMM. We found that human Mincle/FcR␥-expressing cells were able to react to GroMM in a dose-dependent manner ( Fig. 1B , middle panel, indicated with closed circles), although the recognition of GroMM did not appear to be as efficient as that of TDM. On the other hand, mouse Mincle/ FcR␥-expressing cells failed to recognize GroMM (open circles). The GroMM preparation used in these assays was a natural compound purified from cultured mycobacteria, and there were no indications of any contaminants (17) ; however, we wanted to confirm that synthetic analogues may also be recognized by human Mincle. Therefore, synthetic glycerol monobehenate (GroMB) (Fig. 1A) was also included in the NFAT-GFP reporter assay. We found that cells expressing human Mincle responded to GroMB (Fig. 1B, bottom Thus, these results suggested that human Mincle could interact with monoacylated glycerol species more efficiently than mouse Mincle, and that GroMM was only recognized by human Mincle.
The Ectodomain of Human Mincle Was Responsible for Its Interaction with GroMM-The results obtained above were unexpected because such differential recognition by human and mouse Mincle had not been reported for any of the known Mincle ligands. Therefore, we generated ectodomain swap chimeras, namely the "mouse-human" chimera, in which the extracellular domain of mouse Mincle was swapped with that of human Mincle, and the "human-mouse" chimera, in which the extracellular of human Mincle was swapped with that of mouse Mincle, and tested for their ability to recognize the ligands in NFAT-GFP reporter assays. As shown in the left panel of Fig , failed to recognize GroMM despite their ability to react to TDM. Therefore, these results confirmed that the extracellular domain of human, but not mouse Mincle could potentially mediate the recognition of GroMM. The crystallographic structure of human Mincle (24) predicted that short stretches of amino acid residues located near the N-terminal end of the ␤6 sheet (Val-Leu-Val in mice and Ala-Thr-Leu in humans at positions 174 -176) and the C-terminal end of the ␤7 sheet (Ile-Pro in mice and Val-Thr in humans at positions 195-196) may be critical for interactions with the glycerol framework of GroMM; thus, we generated mouse Mincle mutants in which either amino acid residues at positions 174 -176 or those at positions 195-196 were replaced with the corresponding amino acid residues of human Mincle (Fig. 2B ). Reporter cell transfectants expressing the mouse hu174 -176 mutant (grayfilled diamonds) and those expressing the mouse hu195-196 mutant (open diamonds) maintained their reactivity to TDM (left panel). These cells also exhibited a significant response to GroMM (right panel), even though it was not fully comparable to that of the human Mincle-expressing cells (closed circles). The doubly mutated mouse hu174 -176, hu195-196 mutant appeared to undergo a marked conformational change, which resulted in a failure to recognize TDM and GroMM (data not shown). Taken together, these results demonstrated the differential ability of human and mouse Mincle to recognize GroMM.
Responses to GroMM Were Reconstituted in Human Mincle Tg Mice-The NFAT-GFP reporter assay is known to be useful for identifying Mincle ligands; however, the interaction of the receptor with a candidate ligand should be assessed further in more physiological settings. We used the inability of mouse Mincle to react to GroMM, and generated human Mincle Tg mice to reconstitute responses to GroMM in vivo. Tg mice carrying the human Mincle transgene construct, composed of 1,482 bp of upstream DNA, exon 1, and intron 1, followed by cDNA derived from exons 2 through 6 and the polyadenylation signal (Fig. 3A) , were established and further crossbred with Mincle knock-out mice. This allowed us to comparatively analyze 3 groups of gene-manipulated mice that were separated in terms of the expression of human and mouse Mincle; namely, endogenous mouse Mincle-expressing (mMincle ϩ ) mice, transgenic human Mincle-expressing (hMincle ϩ ) mice, and mice without the expression of Mincle of any species (Mincle null ) (Fig. 3B) .
The bone marrow-derived macrophages obtained from Mincle null mice produced TNF-␣ in response to the potent Toll-like receptor 4 ligand, LPS, but failed to react to TDM or GroMM, which confirmed a specific defect in Mincle-dependent signal transduction (Fig. 3C, left panel) . In contrast, cells derived from mMincle ϩ mice responded to TDM, indicating that endogenous mouse Mincle-dependent signaling pathways functioned properly (middle panel). Nevertheless, these cells failed to respond to GroMM, as predicted by the NFAT-GFP reporter assay. Finally, cells derived from hMincle ϩ mice recognized TDM as efficiently as those derived from mMincle ϩ mice, which suggested that the function of human Mincle was reconstituted successfully in these cells. In addition, these cells were able to produce TNF-␣ in response to GroMM. Therefore, these in vitro experiments detected the ability of human, but not mouse Mincle to recognize GroMM.
The recognition of GroMM by human Mincle was further assessed in vivo by injecting either GroMM liposomes or mock liposomes into the skin of Mincle null , mMincle ϩ , and hMincle ϩ mice. After 2 days, the skin was excised, and local tissue responses in these mice were monitored by microscopically examining hematoxylin and eosin-stained sections. The marked accumulation of infiltrating cells was observed at the GroMM-injected, but not mock-injected skin of hMincle ϩ mice, and such tissue responses were not apparent in Mincle null or mMincle ϩ mice (Fig. 4A) . The cell types infiltrating the GroMM-injected skin of hMincle ϩ mice included macrophages and eosinophils (Fig. 4B) , as reported previously in guinea pig studies. Thus, in vitro and in vivo analyses of hMincle Tg mice provided compelling evidence for the differential recognition of GroMM by human and mouse Mincle.
Human Macrophages Recognized GroMM in a Mincle-dependent Manner-Besides gene manipulation approaches using reporter cell transfectants and Tg mice, we attempted to confirm whether primary human cells were able to react to GroMM in a Mincle-dependent manner. The anti-human Mincle mAb, 1H2, which was capable of blocking the response of NFAT-GFP reporter cell transfectants expressing human Mincle to TDM (Fig. 5A, left panel) and GroMM (right panel), was established and included in assays using human monocytederived macrophages. We found that human macrophages produced TNF-␣ in response to plate-coated GroMM as well as TDM and LPS (Fig. 5B) , and the GroMM-elicited response was markedly suppressed by 1H2, but not by a control antibody (Fig.  5C ), which suggested a major role for human Mincle in the recognition of GroMM. Thus, the present study demonstrated that GroMM was a novel ligand for human, but not mouse Mincle.
DISCUSSION
The present study provided evidence that GroMM functioned as a novel ligand for human, but not mouse Mincle by utilizing 3 independent, but complementary approaches; namely, NFAT-GFP reporter assays, human Mincle Tg mice, and primary macrophage assays. The cell wall of mycobacteria contains an array of ligands that interact with Toll-like receptors, C-type lectin receptors, and other host innate immune receptors. These pathways are tightly linked to macrophage activation, and, therefore, could potentially jeopardize the survival of invading microbes. However, pathogenic mycobacteria have evolved evasive maneuvers to hide the ligands from detection by the host innate immune system, replace the ligands with less potent compounds, or digest the ligands. Examples include phthiocerol dimycocerosate, a virulence factor of Mycobacterium tuberculosis, that has been proposed to mask pathogen-associated molecular patterns (PAMPs) and cooperate with the related phenolic glycolipid to selectively recruit permissive macrophages (27) . In contrast to these PAMPs for which the expression levels are not The responses observed without the addition of the supernatants (Ϫ) were defined as 100%, and the relative values are shown for each response. B, production of TNF-␣ by human macrophages in response to plate-coated TDM and GroMM (1 or 5 g/well) as well as 100 ng/ml LPS was assessed. C, response of human macrophages to plate-coated GroMM (1 g/well) was assessed in the presence or absence of either 1H2 ascites or negative control ascites (P3). Assays were performed in triplicate, and the mean values and S.D. are shown.
markedly reduced during infections, invading pathogenic mycobacteria specifically down-regulate the expression of TDM presumably because of its abundance as well as its highly potent adjuvant functions. A glycolipid exchange from TDM to glucose monomycolate has been shown to occur immediately after infection by utilizing host-derived glucose as a competitive substrate for mycolyltransferases (18) . Alternatively, a recent study pointed to a direct degradation pathway for TDM by means of enzymatic hydrolysis, resulting in the accumulation of free mycolates that was associated with the increased influx of nutrients, including glycerol (28) . Given that glycerol is ubiquitously present in host cells and mycobacteria can readily utilize exogenously derived glycerol for the production of GroMM (17) , GroMM may potentially predominate over TDM during the course of infections. The present study now raises the question of why microbes need to produce another ligand for Mincle while endeavoring to down-regulate the expression of TDM.
This remains an open question that will require further investigations to answer; however, we speculate that TDM and GroMM expression levels may markedly affect the magnitude of the TNF-␣ response mounted by host macrophages. Evidence obtained from studies with the zebrafish tuberculosis model emphasized that fine-tuning the expression of TNF at "moderate" levels was critical for persistent infections or cohabitation of the host and microbes; suppressed and excess levels of TNF expression have both been associated with severe necroptosis in host macrophages and the exuberant extracellular growth of microbes, rather than the construction of wellorganized granulomas (29) . Therefore, following the down-regulation of TDM expression, GroMM may function as a surrogate ligand for Mincle that modestly stimulates macrophages, thereby providing a better chance for microbes to cohabitate silently for years in immunocompetent hosts. Intervention by anti-TNF-␣ therapy may disturb the sustained balance, which could potentially result in reactivation of the microbes (30) .
Besides the identification of GroMM as a new ligand for human Mincle, the present study also highlighted the inability of mouse Mincle to recognize GroMM. To the best of our knowledge, such differential recognition of a single mycobacterial ligand has never been noted for any innate immune receptors that are conserved between humans and mice. Nevertheless, several immune pathways, including those mediated by isopentenyl pyrophosphate-reactive ␥␦T cells and by lipid/glycolipid-reactive group 1 CD1-restricted T cells, have been shown to function critically against tuberculosis in humans (31-33), but were totally absent in mice. These differences, as well as the differential recognition of GroMM by human and mouse Mincle, could potentially be related to the distinct histopathologies observed in humans and mice (34, 35) . As discussed above, sustained and balanced interactions between the host and microbes result in the formation of well-organized granulomas, which are often constructed in humans, but not in mice. The human Mincle Tg mice established in the present study may be an invaluable tool for assessing a specific role of the GroMM/human Mincle/TNF axis in human tuberculosis.
